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Boundary surfaces of nodal gap superconductors can host Andreev bound states (ABS) which de-
velop a paramagnetic response under external RF field in contrast to the bulk diamagnetic response
of the bulk superconductor. At low temperature this surface paramagnetic response dominates and
enhances the nonlinear RF response of the sample. With a recently developed photoresponse imag-
ing technique, the anisotropy of this “paramagnetic” nonlinear Meissner response, and its current
direction (angular) and RF power dependence has been systematically studied. A theoretical model
describing the current flow in the surface paramagnetic Andreev bound state, the bulk diamagnetic
Meissner state, and their response to optical illumination is proposed and it shows good agreement
with the experimental results.
I. INTRODUCTION
The spontaenous expulsion of magnetic flux from the
bulk of a superconductor is known as the Meissner ef-
fect. In the presence of a weak (both DC and RF) field,
the applied field is screened by super-current flow with
a density js = −ensvs that is proportional to the veloc-
ity vs of the condensate. The thickness of the screen-
ing surface layer is on the order of a temperature de-
pendent magnetic penetration depth, λ(T ). At higher
field, the super-fluid density ns becomes dependent on
vs (for vs comparable to the critical depairing velocity
vdp = h¯/m
∗ξ) due to Cooper pair breaking. Here ξ is
the BCS coherence length and m∗ is the effective mass
of Cooper pairs. This in turn leads to a field and current
dependent magnetic penetration depth, resulting in the
nonlinear Meissner effect (NLME).[1–4]
The NLME is sensitive to intrinsic properties of a su-
perconducting material including the underlying pairing
symmetry. For example, cuprate superconductors with
dx2−y2 gap symmetry of the order parameter are ex-
pected to have a strong NLME at temperatures T → 0,
due to the low-lying excitations along the superconduct-
ing gap nodal lines.[1] The dx2−y2 pairing state also leads
to an angular dependent nonlinear response for fields in
the ab-plane depending on current flow relative to the lo-
cations of gap nodes on the Fermi surface.[2] This (local)
anisotropic NLME (aNLME) was initially predicted as a
linear magnetic field dependence of the magnetic penetra-
tion depth at low temperatures with 1/
√
2 anisotropy at
T = 0.[2] Later, the theories were generalized to all tem-
peratures in terms of nonlinear microwave intermodula-
tion response of a nodal superconductor and a practical
method for probing NLME and its ab-plane anisotropy
was worked out.[5–7] The nonlinear superfluid density,
ns(T, js) = ns(T )[1− bχ(T )(js/jc)2] becomes dependent
not only on T and js, but also on the angle χ between su-
percurrent density and directions of the superconducting
gap antinodes (which is equivalent to a- or b-axis direc-
tion in the case of a c-axis oriented epitaxially grown
YBa2Cu3O7−x (YBCO) film). Here, bχ is the angular
dependent nonlinear Meissner coefficient demonstrating
nodal magnitude correction bN(χ = π/4) almost two
times higher than anti-nodal one bAN (χ = 0) at lower re-
duced temperatures.[5] It was found that the anisotropy
in the NLME of cuprate high-Tc superconductors (HTS)
is weak at high temperatures, and only becomes signif-
icant for T/Tc < 0.6.[5] In addition, it was shown that
bN is expected to grow as 1/T for T/Tc < 0.2,[7] be-
fore crossing over to another temperature dependence,
depending on the purity of the material.[2, 6, 8]
Many experimental efforts have been made to observe
the NLME in dx2−y2 superconductors.[9–14] The first in-
direct confirmation of the existence of gap nodes in single
crystals of the Bi2Sr2CaCu2O8−x (Bi-2212) system has
been demonstrated by Maeda et al., showing linear be-
havior of ∆λ(H,T ) on dc magnetic field H.[13] In subse-
quent experiments on detection of the NLME in cuprates
through transverse magnetization[10] and magnetic pen-
etration depth,[9, 11] the results have been inconclusive
as well most likely because of a very small field range
of the Meissner state. This is argued by the fact that
the NLME becomes significant only in fields H of the or-
der of the thermodynamic critical field Hc > Hc1 mask-
ing nodal quasiparticle excitation at sufficiently strong
rf field by other stronger nonlinear effects, such as vor-
tex penetration at fields above the lower-critical field
Hc1.[3] In addition, the NLME is very small and tends
to be obscured by extrinsic effects and thus the man-
ifestation of NLME becomes dependent on the sample
and the sensitivity of the measuring technique. Later,
the first experimental evidence of the existence of the
NLME in high-temperature superconducting YBCO was
clearly demonstrated[12, 15, 16] using the sensitive non-
2linear microwave measurement technique of intermodu-
lation product distortion. However, it remained unclear
whether the expected anisotropy could be demonstrated
to establish experimental verification of the NLME. The
best way to elucidate this issue is through a spatially re-
solved imaging technique. A series of sensitive nonlinear
near-field microwave microscopes have been developed to
image local sources of nonlinear electrodynamic response
in superconductors.[17–25] However, these microscopes
are not well suited for anisotropy studies. One can ex-
amine the nonlinear Meissner effect uniquely in terms
of the nodal directions by exploiting special orientations
for the current flow, as has been shown in our previous
work.[26]
An additional contribution to the NLME anisotropy
of HTS arises from Andreev bound states (ABS)[27] as a
result of participation of, for example, the (110)-oriented
surface of a dx2−y2 superconductor. The sign change of
the order parameter at the gap nodes causes an incom-
ing quasiparticle to experience a strong Andreev reflec-
tion at the surface. A bound state results from the con-
structive interference of electron-like and hole-like exci-
tations which originate from such a reflection.[28] These
states give rise to a paramagnetic contribution to the
screening.[29]
This paramagnetic Meissner effect was studied
theoretically[29, 30] and experimentally.[31–36] For
cuprates, (110) interfaces also occur at twin bound-
aries, which are formed spontaneously during epitax-
ial film growth. The NLME associated with ABS has
been established by tunneling,[28] and penetration depth
measurements,[11, 32] for example. Theory by Barash,
Kalenkov, and Kurkijarvi[37] and Zare, Dahm, and
Schopohl[38] predicts an aNLME associated with ABS
having a strong temperature dependence at low temper-
atures, eventually dominating that due to nodal excita-
tions from the bulk Meissner state.
In what follows, we will refer to the diamagnetic cur-
rent as the Meissner or bulk current, while the current
flowing next to the boundary and related to ABS will be
referred to as the surface or ABS current. It is thought
that weak bulk currents give rise to a monotonically de-
creasing value of the penetration depth as the HTS film
is cooled down. On the other hand, the surface quasi-
particle flow from the ABS enhances the local field and
serves to effectively increase the penetration depth. The
total effect leads to the appearance of a local minimum in
the effective penetration depth as a function of tempera-
ture. The predicted penetration depth crossover temper-
ature for a typical cuprate superconductor like YBCO is
Tm = Tc/
√
κ ∼ 10 K,[38] assumes no impurity scattering,
where κ = λ0/ξ0 is the Ginzburg-Landau parameter of
the superconductor and ξ0 = hvF /π∆0 is the coherence
length.
One can speculate in this case that the low-
temperature NLME should be associated mainly with the
ABS contribution. This, in turn, calls for further inves-
tigation of the inductive/dissipative origin of the NLME
FIG. 1. Schematic sketch of spiral geometry, definition of
radial (ρ) and angular (Θ) coordinates, and directions of the
crystallographic a, b axes, along with the orientation of the
dx2−y2 gap in YBCO. Red points 1, 2 and 3 indicate positions
utilized for local LSM PR measurements
from the boundary surface assuming the presence of a
nonlinear surface conductivity associated with qusiparti-
cle flow in the thin surface layer of thickness ∼ ξ0. How-
ever, it is undeservedly ignored in almost all research
of the NLME which is known to us. Here, we propose
a new method to quantitatively measure and image the
aNLME from ABS of a superconductor. This experiment
reveals signatures of the nodal structure of the sample
using a procedure of local (resistive and inductive) non-
linear response partition combined with laser scanning
microscopy.
It was demonstrated recently[26, 39] that the obser-
vation of the photoresponse (PR) allows direct visualiza-
tion of the anisotropy of the nonlinear Meissner effect. In
this paper we will present further experimental evidence
for the strong anisotropic response of dx2−y2 supercon-
ducting films in Sec. II especially focusing on that from
surface ABS. Following in Sec. III, we will provide a mi-
croscopic model which describes quasiparticle flow in the
surface ABS in terms of various experimental parame-
ters and its mechanism to give paramagnetic nonlinear
Meissner response. Then the calculated response from
the theory will be compared to that of the experimental
data in Sec. IV where it turns out that they show good
agreement.
II. EXPERIMENT
A. Self-resonant superconducting sample
The examined sample was a self-resonant supercon-
ducting structure based on a thin film spiral geometry.
It is manufactured from a c-axis normal oriented super-
conducting YBCO films epitaxially deposited to a thick-
ness of 300 nm by thermal co-evaporation onto an 350
3µm thick single crystal MgO (ǫr ∼ 9.7) substrate.[40]
The HTS film is patterned subsequently into a spiral
resonator by contact photolithography and wet chemi-
cal etching. The spiral has an inner diameter of Di = 4.4
mm, an outer diameter of Do = 6 mm, and consists of
N = 40.5 turns of about s = 10 µm width YBCO stripe
with c = 10 µm gap between stripes, winding continu-
ously from the inner to outer radii with Archimedean
shape (see the schematic diagram in Fig. 1). The
same sample configuration was used previously for LSM
imaging of the temperature dependent aNLME through
the nonlinear electrodynamic response of both (bulk)
gap nodes and (surface) Andreev bound states.[26] A
set of such resonators was fabricated at the University
of Maryland (College Park, USA).[41] The spiral was
originally proposed as a compact magnetic meta-atom
for use in superconducting metamaterials with a deep
sub-wavelength physical dimension of λr/D0 ∼ 1000,
where λr is the free-space wavelength at its fundamental
resonance.[42, 43] Previous LSM measurements of super-
conducting spirals have revealed “hot spot” formation at
high driving RF powers.[44] Here, we give an example of
LSM characterization of the resonator at the third har-
monic frequency of about 257MHz where it demonstrates
a loaded QL ∼ 650 at T = 4.8 K. From the series of previ-
ously tested samples we chose one that is characterized by
the maximal “penetration depth crossover temperature”
(Tm = 7.3 K) that separates the temperature regimes of
bulk NLME and ABS NLME responses. This allowed us
to carry out almost all of the following measurements in
a convenient operating temperature range T > 4.2 K.
There are a few more unique properties of the studied
resonant spiral. First, the distribution of standing wave
currents on the spiral are well approximated as those of a
one-dimensional transmission line resonator that is rolled
into a spiral, as verified by detailed LSM imaging.[44]
Second, the shape of the n-th mode standing wave pat-
tern can be modeled (using polar coordinates ρ, Θ of
Fig. 1) as jRF (n, ρ) ≃ j0 sin
(
nπ (2ρ/D0)
2
)
, showing
independence of radially ρ-averaged currents on angular
position Θ, where j0 is the peak value of total RF current
jRF = js− jqp, and jqp is the quasiparticles backflow.[45]
Third, the RF currents (at least in the low-order modes)
circle the spiral almost 40 times, repeatedly sampling
all the angular directions of current flow relative to the
planar CuO bonds i.e. all parts of the in-plane Fermi
surface.[39] And finally, since the direction of the current
is tangential to the spiral, the angular position (Θ in Fig.
1) of the spiral in real space has a one-to-one mapping
relation to each direction χ in momentum space. As an
example, for the dx2−y2 gap ∆(χ) = ∆0(T, j) cos(2χ),
the gap antinodal direction (kx, ky) corresponds to the
(100) or (010) direction (Θ = 0◦, 90◦, 180◦, 270◦) in real
space, and the gap nodal (kxy) direction corresponds to
the (±110) direction (Θ = 45◦, 135◦, 225◦, 315◦). There-
fore, the method of laser scanning microscopy (LSM) can
be used to locate the positions of nodal directions directly
in real space coordinates using the advantages of the pro-
FIG. 2. Schematic diagram of LSM optics and the microwave
electronics used for 2D visualization of anisotropic NLME.
A single YBCO spiral is sandwiched between two magnetic
loops extended from coaxial cables. The red line shows the
flow of x-y scanning laser beam through the optical train while
blue arrowed line shows the path of injected and transmitted
microwave signals. Inset in monitor shows typical screen shot
of visualizing software. Bottom inset illustrates amplitude
of TTL modulated photoresponse in the form of a measured
oscilloscope signal.
posed sample.
B. Global transmission data
To obtain the a global microwave response of the spi-
ral, the RF transmission coefficient S21(f) measurements
are carried out using a Microwave Vector Network Ana-
lyzer (Anritsu MS4640A) that is SMA coupled by stain-
less semi-rigid coaxial cables to two loop antennas placed
inside an optical cryostat. The sample is centered be-
tween these circular loops of RF magnetic field probes, 6
mm in inner diameter, whose planes are positioned par-
allel above/below the sandwiched YBCO spiral structure
as shown in Fig. 2. For reliable cooling in vacuum, the
back side of the MgO substrate is glued by cryogenic
grease to a sapphire disc that is supported on a copper
holder which controls temperature of the sample between
100 K and 2.5 K with an accuracy of 1 mK. Excitation of
the HTS spiral at different microwave power levels PRF
between -30 dBm and +10 dBm is provided by the top
loop while the bottom one plays a role of a transmis-
sion pick-up probe. More details about the measurement
setup can be found elsewhere.[26, 40, 41]
Fig. 3(a) shows the global spectrum of transmission
scattering characteristics |S21(f)| of the YBCO/MgO
spiral resonator measured at three different tempera-
tures at PRF = −21 dBm. The reference (red solid
line) transmission spectrum is taken in the normal (non-
superconducting) state of the spiral demonstrating dis-
4FIG. 3. (a) Transmission coefficient |S21| vs. frequency on
the YBCO/MgO spiral showing the fundamental (n=1) and
higher harmonic resonances at PRF = −21 dBm and T =
4.8 K (green), 78 K (blue), 100 K (red); LSM photoresponse
(PR) images of the same spiral showing RF current distribu-
tion in the spiral corresponding to (b) the 3-rd and (c) the
9-th resonant modes in the transmission data at 78 K. In-
sets A and B in part (a) show profiles of PR(x) distribution
along corresponding radial line cuts as outlined by arrows A
in part (b) and B in part (c). Images (d) and (e) demonstrate
bulk diamagnetic aNLME PR and surface paramagnetic ABS
PR in the 3-rd resonant mode above and below Tm ∼7.3 K,
respectively.
sipative suppression of the all RF resonances at tem-
perature T = 100 K well above Tc of YBCO. Trans-
mission data of the same spiral at 78 K [blue curve in
Fig. 3(a)] describes the response of the linear Meissner
phase at PRF = −21 dBm. Ten almost equidistantly dis-
tributed resonances are clearly visible.[41] As seen from
this data, the frequency f1 of the fundamental harmonic
is as low as 74 MHz, followed by higher modes fn ≃ nf1,
where n = 1, 2, · · · , N is the resonant mode number. The
photoresponse (PR) which is a quantity proportional to
j2RF (x, y)[46] in the spiral under these circumstances was
imaged by using the LSM technique as in Fig. 3(b)-(c).
More details on the LSM PR method will be discussed
in Sec. II C. The LSM PR image of the YBCO spiral
near the third resonance tone clearly shows three con-
centric circles of the standing-wave pattern in Fig. 3(b)
as expected. The brightest areas here correspond to peak
values of the currents flowing along the windings while
zero current density looks black. The 9-th harmonic [Fig.
3(c)] shows nine large-amplitude circles, suggesting that
the behavior of the spiral below Tc is described well by
TEMmodes similar to ones in a linear strip-line resonator
where the number of the half-wave standing wave pat-
terns of the jRF distribution is equal to the correspond-
ing n number.[47–49] One can emphasize that the dis-
tribution of j2RF (x, y) at 78 K is isotropic relative to the
superconducting gap configuration of YBCO, as shown
schematically in the center of the LSM PR images.
Almost the same resonant spectrum of |S21(f)| is ob-
served at decreasing temperature down to 4.8 K and the
same PRF = −21 dBm (see green curve in Fig. 3(a)). At
the same time, the PR is considerably degraded due to
a small temperature dependence of the magnetic pene-
tration depth which stays at an almost fixed value be-
low T/Tc < 0.5. At significantly lower temperature
T/Tc < 0.2, however, the LSM PR arises again as an-
other form of anisotropic image demonstrating the non-
linear electrodynamic response of both (bulk) gap nodes
[Fig. 3(d)] and (surface) Andreev bound states [Fig. 3(e)]
despite the unchanged shape of |S21(f)|.[26] Since the
surface paramagnetic current shows a sharp increase at
low temperature (T/Tc < 0.1) as will be shown in the
theory section, one can expect that the LSM PR below
Tm ∼ 7.3 K arises largely from the anisotropic ABS re-
sponse. However, this fact is in no way indicated by the
behavior of the globally measured |S21(f)|, and will be
the subject of the remainder of this paper.
Experimentally, there are a number of competing
mechanisms that may easily mask the ABS response
in the HTS spiral sample. The aNLME effect is weak
enough at nonzero temperature and, therefore, large cur-
rent densities are required to measure very small changes
in λ(T, j). This means that extrinsic sources of non-
linearity, such as the presence of grains, grain bound-
aries and local structural defects, may obscure the in-
trinsic anisotropy of YBCO, making the LSM analysis
extremely challenging. Thus, it is important to identify
the upper (critical) limit of driving RF power PRF , be-
fore extrinsic nonlinear mechanisms are activated. For
a rough estimation, one can find the smallest amplitude
of the input RF excitation that degrades the Lorentzian
shape of the resonant transmission profile in the mode
under examination.[44] Figure 4 illustrates the power de-
pendent variations of |S21(f, PRF )| for the example of
the third harmonic resonance at 4.8 K. A detailed view
of the upper part of the profile is pictured in the inset.
As expected, the resonant peaks of transmission curve
|S21(f, PRF )| are almost overlapped keeping their origi-
nal form of the same Lorentzian function (blue symbols
in the inset) at the highest PRF up to -10 dBm. Those
curves clearly demonstrate the stable (relative to RF cur-
rent) Meissner state where YBCO remains in the hot-
5FIG. 4. Plot of the transmittance spectrum |S21(f)| in the 3rd
harmonic frequency (f0 = 256.81 MHz) of the spiral resonator
for a set of rf input powers at T = 4.8 K. The inset is a
close-look of the transmittance spectrum near the resonance
that corresponds to input power values from -30 dBm to -10
dBm. Note that the |S21(f)| curves overlap, until it sharply
switches to a single hot-spot resistive state at -10 dBm and
progressively adds more dissipation at an input power of 0
dBm. The frequencies fA and fB are used to create images
of PRR and PRX in Section II E.
spot-free superconducting phase.[44] At a critical input
power (Pc ∼ −10 dBm in this case), |S21(f, PRF )| makes
a sharp transition from one Lorentzian curve onto an-
other with higher insertion loss and lower quality factor
Q as frequency is scanned near resonance (the magenta
curve in Fig. 4).[39] With further increasing input power,
this transition occurs at progressively lower frequencies
where the dissipative mechanism is activated (the black
curves in Fig. 4 for a power of 0 dBm). To guarantee
characterization of the aNLME in the Meissner state of
the YBCO spiral, the bulk of the LSM results was ob-
tained at PRF = −21 dBm, ten times smaller than the
critical RF power of the sample under investigation.
C. Spatially resolved photoresponse results
The method of low-temperature Laser Scanning Mi-
croscopy (LSM) has been applied to identify the intrin-
sic origin of the anisotropic ABS response. The sam-
ple of interest is excited at or near resonance by an
applied RF or microwave signal of frequency f0 (Fig.
2). While the RF currents are oscillating in a standing
wave mode the sample is perturbed by a focused laser
probe. The resulting localized heating causes changes
in the local electrodynamic properties of the material.
These changes result in a change of resonant frequency
and/or quality factor of the resonant device. This in turn
changes the global transmission response S21(f) of the
device. The LSM technique images the photo-response
PR ∼ PRF (∂||S21||2/∂T )δT , where δT is the magnitude
of local temperature oscillation due to amplitude modu-
lated laser heating.[26, 50] One can choose the stimulus
frequency f0 to be near the points where ∂||S21||2/∂T is
maximized. The principle of the LSM is to scan the sur-
face of the superconducting spiral under test in a raster
pattern with the focused laser beam, while detecting the
PR(x, y) as a function of laser spot position (x, y). The
photo-response map is transformed into a 2D array of
digital data that are stored in the memory of a computer
as contrast voltage δV (x, y) for building a 2D LSM image
of RF properties of the superconductor. In our experi-
ments, the power of the laser is fixed at PL = 1.6 µW
and is low enough to produce minimal perturbation on
the global RF properties of the YBCO spiral resonator.
The intensity of the laser is TTL modulated at a fre-
quency of fM = 100 kHz creating the thermal oscillation
probe in the best laser beam focus. In such a way, only
the ac component of the LSM PR is detected by a lock-in
technique to enhance the signal-to-noise ratio and hence
the contrast of the resulting images. A number of spe-
cific schemes for the LSM optics and electronics designed
for the different detection modes have been published
elsewhere[26, 50–53] and it is not a subject of discussion
here.
A simplified schematic diagram of the experimental
LSM setup is pictured in Fig. 2. To form a Gaussian
laser probe of 10 µm diameter, the collimated beam of
the diode laser (wavelength 640 nm, maximum power 50
mW) is focused on the spiral surface with an ultra-long
working distance 100 mm, 2x, NA = 0.06 objective lens.
Two plane mirrors in orthogonal orientation, moved by
galvano scanners, are used for the probe (x, y) rastering
across a 5×5 mm2 area with the spatial accuracy of ±1
µm. While scanning, the YBCO spiral is stimulated by
a microwave synthesizer (Anritsu MG37022A) at one of
two driving frequencies fA = f0 −∆f or fB = f0 +∆f
which are symmetrically positioned by ∆f below (at fA)
or above (at fB) the frequency f0 of the studied reso-
nance (see inset in Fig. 4). Here, ∆f is a half width
at half maximum (HWHM) of the S21(f) spectral curve
near the resonance frequency f0. A crystal diode detects
the RF amplified changes in laser-modulated RF trans-
mitted power at those fA or fB frequencies and creates
an output voltage V . These images of the LSM PR are
then processed into separate resistive PRR(x, y) and in-
ductive PRX(x, y) components, which will be discussed
in detail at Sec. II E.
There are two complementary LSM modes, which were
used for the presentation of experimental data. The first
(2D imaging) mode allows spatially resolved visualiza-
tion of modulation in the surface ABS response due to
the illumination of the laser probe as a function of probe
position (x, y) on the sample area. Assuming we have
information of the boundary surface which host ABS,
the resulting LSM images in this situation give informa-
tion about the in-plane anisotropy of the gap structure.
The second (local probing) mode enables one to get the
6FIG. 5. 2D LSM PR images of the YBCO/MgO spiral res-
onator at T = 4.8 K for input PRF of (a) -36 dBm, (b) -24
dBm, (c) -12 dBm, and (d) 0 dBm; (e) 3D LSM PR image
showing a hot spot. Note that color scheme for each plot is
determined by minimum and maximum value of PR at each
plot. Dashed arrows in (a) show directions of (110) and (100)
crystallographic planes of YBCO where the directions of the
current at those locations of the spiral are parallel to gap
nodal and anti-nodal direction. In addition, the zero position
of Θ and its direction of rotation are shown in (b).
RF power (PRF ) and/or temperature dependence of the
ABS response at any fixed position of the probe on the
sample surface including both nodal and anti-nodal lines
(e.g. points 1 and 2 in Fig. 1). Therefore, the 2D imag-
ing mode was used to establish the locations of detailed
probing experiments in precisely defined positions of in-
terest.
Figure 5 shows RF power dependent modification of
2D LSM PR images acquired in the area of the YBCO
spiral at four different values of applied PRF in the range
from -36 dBm to -6 dBm at T = 4.8 K (which is well
below Tm = 7.3 K). The images were recorded at a fre-
quency fA at a point in |S21(f)|2 that is 3 dB below the
peak of the third resonance mode (f0 = 256.8 MHz, see
Fig. 4). Brighter regions in the images correspond to
those areas of the spiral yielding a higher laser probe in-
duced PR(x, y). The first measurable PR(x, y) appears
at PRF = −36 dBm (see Fig. 5(a)) as an anisotropic pat-
tern of LSM photoresponse demonstrating a 4-fold angu-
lar (Θ) symmetry. As one might expect, there is a strong
general correlation between the PR(Θ) distribution and
angular position of the gap nodal (110) and antinodal
(100) planes of the c-axis oriented YBCO film.[50] This
FIG. 6. Plot of radially averaged and unwrapped LSM PR
(symbols) vs. angle for a series of RF powers exciting the
YBCO/MgO spiral at 4.8 K, along with corresponding fits
(solid lines) to the simple dx2−y2 model of angular dependent
PR.
is clearly illustrated in Fig. 5(a) through the linking of
the LSM image with the ab crystallography of YBCO
as marked by arrowed dashed lines along with dx2−y2
gap orientation at the figure center. Here, the a, b axis
directions of the YBCO film are determined from the di-
rections of the a, b axis of the substrate assuming they
are parallel to the crystallographic axis of the film, and
also from the direction of twin boundaries which are sup-
posed to be aligned with the (110) direction. Once the a,
b axis directions are determined, one can determine the
directions of kx and ky in momentum space in the images
and hence can determine the gap nodal direction (kxy)
and antinodal direction (kx, ky). Note that in the spiral
sample, the direction of the current is tangential to the
spiral line. Therefore, the relative direction between the
local current density to the gap node at a certain position
on the spiral can be easily determined.
In the next example, Fig. 5(b) shows the pattern of
PR(x, y) at input power of -24 dBm demonstrating an
unchanged form of the spatially modulated response for
undercritical excitation. This anisotropic NLME pattern
keeps the same spatially aligned form up to PRF = -12
dBm (63 µW) when the first detectable distortion of the
LSM image is visible through the effect of the nonsuper-
conducting “hot spot” formation. The hot spot arises at
spatially localized weak links and microscopic defects in
several areas of YBCO having different microwave prop-
erties from the rest of the film (see Fig. 5(c) and 3D
image of pointed area by the arrow in Fig. 5(e)).[54]
At even higher RF powers, multiple dissipative hot-spot
domains are activated, eventually leading to degradation
of the resonant response and disappearance of LSM PR
amplitude as seen in Fig. 5(d).
Close examination of Fig. 5 shows that there are two
interesting observations to be made. First, at low field
7RF excitation of the YBCO spiral, the angular position
of the peak amplitudes of LSM PR(Θ) are aligned along
the antinodal ((100),(010)) lines, which will be explained
in detail in Sec. III. The other interesting observation
is that LSM PR images at T < Tm become blurred (see
Fig. 3(e)) in comparison with a sharp view of the stand-
ing wave pattern which has been obtained for the same
resonance mode at T > Tm (see Fig. 3(d)). This feature
is mainly due to an increased thermal healing length of
the laser probe due to increase in thermal boundary re-
sistance between the film and substrate at low tempera-
ture, which in turn decreases the spatial resolution of the
probe.[50, 55]
Figure 6 shows the angular (Θ) dependence of the ra-
dially (ρ) averaged PR for a series of fixed values of PRF .
Experimental data of PR(Θ) for a YBCO/MgO thin film
spiral resonator were extracted from a set of 2D images
taken in the 3rd harmonic mode at 256.8 MHz (see Fig.
5). Both the zero-angle position and angular direction
for PR unwrapping are shown in Fig. 5(b). Locations
of the closest (to Θ = 0◦) nodal and anti-nodal lines are
marked in Fig. 6 by dashed arrow lines. For clarity, re-
sults for each specific PRF are symbolized by individual
colors as shown in the legend. The same colors specify
the solid line fitting curves that present PR(Θ) in the
frame of a simple model of PR(Θ) = A + B sin2(2Θ)
which gives a very good fit to the angular dependence
data. Here, A is the offset and B is the amplitude of
anisotropy of PR(Θ) as shown in Fig. 6. As applied
PRF increases, so do the fit values of A and B, which
means both of them are power dependent. Nonetheless,
the same angular modulation of the LSM PR ∼ sin2(2Θ)
remains evident independent of PRF , completely deter-
mining the general description at any RF power level.
Physically, the two extreme locations of PR(Θ) on the
surface of the YBCO spiral are most interesting. The
local probing LSM measurements were carried out with
the object of detailed analysis on those features of YBCO
spiral PR anisotropy with respect to the amplitude of the
microwave field.
D. RF power dependence of photoresponse
Curve 1 (Blue) in Fig. 7(a) shows the RF power de-
pendence of the LSM PR which is measured at a fixed
position of the laser probe that is focused at point 1 (see
Fig. 1). The position of point 1 coincides with gap nodal
line (110) of YBCO in-plane crystallography. The loca-
tion of the probe is shown by the blue arrow 1 in the
inset of Fig. 7(a) that presents a 3D LSM PR image
which is acquired at PRF = −21 dBm at T = 4.8 K.
The local probing was done in the 3rd harmonic mode at
256.8 MHz at T = 4.8 K. Experimental data of the LSM
PR vs. PRF were recorded by a stepwise changing of the
input RF power with equal steps of 0.1 dBm. By refo-
cusing the laser probe to point 2 (See Fig. 1), PR(PRF )
data were obtained in the same way at the location of an
FIG. 7. Plot of LSM PR vs. PRF on a logarithmic scale,
taken in nodal (curve 1) and antinodal (curve 2) positions of
YBCO/MgO spiral resonator at T = 4.8 K and at f0 = 256.8
MHz. Here, A is PR measured at the nodal position, and B is
the difference in PR between antinodal and nodal positions.
Positions of the laser probe that have been used to record the
data are marked by arrows in the inset 3D image showing LSM
PR visualized at PRF = −21 dBm at T = 4.8 K; (b) Detailed
view of the same plot on a linear scale of PRF , measured in
the low field Meissner region I of RF excitation.
antinodal line (see red curve 2 in Fig. 7(a)). As expected
from the 2D images (see Figs. 5 and 6), both A and B are
a monotonically increasing functions of PRF at low mag-
nitude of RF fields in region I. The same plot looks more
informative on a linear PRF scale as shown in Fig. 7(b).
Here, the angularly localized components of gap nodal
(red curve 1) and anti-nodal (blue curve 2) contributions
to PR(PRF ) are plotted solely in region I, restricting the
power scale to a maximum value of PRF ∼ 63 µW (= −12
dBm) that corresponds to initialization of the first hot-
spot nucleation.[44] As the power increases, the number
of hot spots increases, producing a nonlinear increase
of the surface resistance RS(jRF ) that, in turn, causes
degradation of the Q-factor in |S21(f, PRF )| which de-
creases the PR(PRF ) magnitude (see region II in Fig.
7(a)). Further increase in PRF (as seen in region III)
causes a metamorphosis of a spatially distributed resis-
tive structure of hot-spots into a stable pattern of nor-
mal domains that thereafter are generating an unstable
overheating effect with increased power in region IV.[39]
8Hence only region I is experimentally compatible with
the requirement of searching for intrinsic components of
an anisotropic quasiparticle (ABS NLME) and superfluid
(bulk NLME) responses in this sample. Moreover, we
found that the LSM probed upper limit of PRF = −12
dBm in this case is almost two times below the critical
power Pc that was determined by global measurement
(see above text on Fig. 4) employing |S21(f, PRF )| anal-
ysis. This confirms once again that the LSM technique
is more sensitive than global characterization, making it
possible to specify experimental regions of clear observ-
able effects with the highest precision. With this result,
the previously adopted choice of PRF = −21 dBm at
a temperature of 4.8 K is adequate to study the ABS
response of the YBCO spiral resonator.
E. Photoresponse image analysis
Now that the overall picture of the power depen-
dence of PR(Θ) anisotropy has been established, a mi-
croscopic understanding of its local sources must be de-
veloped. At a fixed laser perturbation location, the
LSM PR is proportional to the probe-induced changes
in resonator transmittance δ‖S21(f)‖2 that can be de-
composed into three parts in terms of their origins.
One is inductive PRX ∝ (∂f0/∂T )δT , another is re-
sistive PRR ∝ ∂(1/2Q)δT , and the other is insertion
loss PRIL ∝ (∂S¯221/∂T )δT responses. Here, δT ∼ 10
mK is the local temperature oscillation amplitude un-
derneath the laser probe and S¯21 is the maximum of the
transmission coefficient as a function of frequency. Note
that both PRR(x, y) and PRIL(x, y) are linked with sev-
eral dissipation mechanisms, for example, Ohmic dissipa-
tion from quasiparticle flow ∝ δ(j2RF (x, y)Rs(x, y)). The
PRX term is directly related to the bolometric change
of energy from the kinetic inductance EK ∝ LKj2s of the
superconducting resonator. Here, an important question
arises : How much relative contribution does each PR
component make in each temperature regime? By focus-
ing the laser probe at point 1 (see Fig. 1) on the nodal di-
rection, we extracted the local values of these significant
components of LSM PR at two different temperatures
characterizing response of the YBCO spiral resonator in
(i) the isotropic Meissner effect regime at T = 78 K (see
Fig. 8(a)) and (ii) the anisotropic NLME regime at T =
4.8 K (see Fig. 9(a)). Note that this temperature depen-
dent isotropy/anisotropy of the NLME originates from
that of the nonlinear Meissner coefficient.[5, 26] Both ex-
periments were carried out at the same PRF = -21 dBm
(≪ Pc) in the 3rd harmonic mode of the spiral resonance.
The frequency dependence of the total LSM PR at 78
K is symbolized by the blue stars in Fig. 8(a). As ex-
pected, at reduced temperature T/Tc > 0.5, the PR(f)
can be approximated by fitting (red solid line) to only
a PRX(f) component. It is apparent that precisely the
same profile of the local photo-response has also been
measured at anti-nodal point 2 (See Fig. 1) and, thus, it
FIG. 8. (a) Experimental (blue symbols) and fitting (red solid
line) curves of the frequency dependent total LSM PR in Point
1 of the YBCO/MgO spiral resonator at T = 78 K and PRF =
−21 dBm. The data was obtained in nodal regions. LSM
images of (b) inductive PRX(x, y) and (c) resistive PRR(x, y)
components.
is not presented here. In addition, three LSM images of
PR(x, y) were obtained at frequencies fA, fB, and f0 at
the same experimental conditions to extract the 2D spa-
tial distribution of the individual components of PR using
the procedure of spatially-resolved complex impedance
partition.[50, 51, 55–58] As is evident from the restored
LSM image in Fig. 8(c), the dissipative response PRR
(+PRIL) introduces no contribution, hence the total PR
is dominated by PRX(x, y) in the linear Meissner state
at 78 K. Another important observation can be shown
from Fig. 8(b) where the inductive component,[46, 59]
PRX(ρ,Θ) ∝ λ2(ρ,Θ)j2s (ρ,Θ)δλ(ρ,Θ) (1)
looks almost isotropic, demonstrating a clear pattern of
superfluid distribution in an undistorted standing wave.
This means that in the linear RF regime, (i) PRX is
independent of in-plane direction of the js even as the
superfluid flows along/across the CuO bonds and simul-
taneously (ii) so is λ.
The blue symbols in Fig. 9(a) show experimental data
of PR vs. frequency f for a YBCO spiral sample with
anisotropic response at T = 4.8 K. This result is derived
from a local probing at a nodal line position (∆ = 0) at
point 1. The general shape of the curve becomes complex
for T < Tm and, in addition to that, the shape changes
when the same measurement is repeated at the position
of the anti-nodal (AN) lines (∆ = max). To understand
these features, we decomposed the nodal LSM PR to its
9FIG. 9. (a) Frequency dependence of experimental (symbols)
and fitting (solid line) data of local PR of YBCO/MgO super-
conducting spiral sample probed at point 1 corresponding to
the direction of the nodal lines. Experimental data were ob-
tained at T = 4.8 K in the third harmonic mode at PRF = −21
dBm; (b) result of modeling decomposition of the PR(f) on
individual inductive PRX , resistive PRR and insertion losses
PRIL components. Inset shows experimental plots of PR(f)
at nodal (N) and anti-nodal (AN) points.
separate components as indicated in Fig. 9(b). The sum
of the fractional components over all of inductive (blue),
resistive (magenta) and insertion loss (light brown) re-
sponse is presented in Fig. 9(a) as the fitting (red line)
curve. Note that the dissipative PRR component is large
(PRR/PRX ∼ 1.4), contrary to the basic RF properties
of superconductors in the Meissner state which produces
dominant inductive PRX response at PRF ≪ Pc. More-
over, this PRR component still persists (with ratio of
PRR/PRX ∼ 1.2) even in the case of AN response (see
inset in the Fig. 9(a)) despite its current flow in the di-
rection of a fully open superconducting gap. A possible
source of this effect is the strong concentration (local-
ized within the coherence length ξ) of paramagnetic nor-
mal fluid current at the (110) surfaces of YBCO. This,
in turn, produces a substantial increase of resistive loss
proportional to the normal current squared showing in-
direct evidence for the nonlinear paramagnetic response
from the (110) boundary surface.
F. ABS contribution to the penetration depth
For an ABS to exist at the boundary surface such as a
twin domain boundary, a quasiparticle should experience
a π phase difference of the order parameter before and
after the reflection at the boundary surface. The twin
boundary in a YBCO film is oriented in the (110) direc-
FIG. 10. Plots of resonance frequency (red circles) and in-
verse quality factor (blue diamonds) vs. temperature for inci-
dent power of -21 dBm of YBCO/MgO superconducting spiral
sample. Detailed view of low-temperature data for f0(T ) is
shown in the inset.
tion which means at any incident angle, the quasiparti-
cle experiences such a phase difference. Therefore, the
prerequisite for the formation of the ABS is always ful-
filled. In most cases, a YBCO thin film has twin bound-
ary separation less than 100 nm.[60] Hence there is no
need to control the in-plane direction of the applied field
to see ABS paramagnetic response in the experiments
with the superconducting YBCO spiral because of the
abundance of twins. Moreover, the response is multi-
plied several tens of times due to the repetition of the
fourfold gap configuration within all turns of the spiral.
Thus, one can expect a significant ABS response from
a YBCO thin film spiral sample. In this case, a low-
temperature upturn of magnetic penetration depth would
be reasonable evidence of strong paramagnetic Meissner
effect from ABS.[11, 32, 61]
In Fig. 10, the 3rd harmonic resonance frequency of
the YBCO/MgO spiral resonator is depicted as a func-
tion of temperature. This is the global response of the
resonator in the absence of laser perturbation. This fre-
quency increases at fixed PRF = −21 dBm ≪ Pc as
T decreases down to 10 K demonstrating the expected
linear-response changes of inductance and effective mag-
netic penetration depth λeff (T ) at T < Tm. The res-
onant frequency in this case can be described well by
the usual theoretical temperature dependence f(T ) =
f(0) [1 + 2λ(T ) coth(t/λ(T ))/d]
−1/2
,[62, 63] where d is a
characteristic length scale of the resonator, t is the thick-
ness of the YBCO film, f(0) is the resonant frequency of
a perfectly conducting (λ = 0) material, and magnetic
penetration depth is approximated by λ(T ) ≃ λ0[1 −
(T/Tc)
2]−1/2. However, a maximum of f0(T ) is observed
for lower T between 10 K and 5 K, and frequency shift re-
verses for T < 5 K as the temperature further decreases.
This non-monotonic temperature dependence can be at-
tributed to one or more of five mechanisms. First, the
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low temperature upturn of the screening length due to
impurity paramagnetism,[64, 65] second due to the para-
magnetic properties of the ABS that form and become
stronger at low temperatures,[11, 32, 37, 38] third due to
the temperature dependent NLME,[1, 2, 5–7] fourth due
to dielectric microwave losses in the substrate,[66–68] and
fifth due to increase of dissipative losses with decreasing
of temperature. In the following theory section, it will be
shown that the theoretical estimate for photoresponse,
attributing its origin to the ABS response, makes a very
good agreement with the experimental data at the tem-
perature regime where the reverse shift of f0(T ) happens,
which supports the scenario of the reverse shift arising
from ABS response.
III. THEORY
In this section, a microscopic model is introduced to
describe how a dx2−y2 superconductor sample with a twin
boundary, which can host Andreev bound states (ABS),
responds to external RF magnetic field. Then, from the
RF field response of the sample, the anisotropy (angu-
lar dependence) and input RF power dependence of the
photoresponse will be estimated and the results will be
compared to experimental data. First, when an external
RF magnetic field is applied to such a sample, it induces
current both in the bulk and on the boundary surfaces of
the sample. The transport phenomena in a superconduc-
tor can be described by a quasi-classical Green function
in Nambu space Gˆ(r, vˆF , ω) =
(
g f
f† g†
)
which satisfies
the Eilenberger equation.[69–72] Here, g and f are nor-
mal and anomalous components of the Green function.
The induced current under the external magnetic field
can be calculated from this Green function[73–76]. The
resulting current density is given by
j(r) = −j0 T
Tc
∑
ω˜>0
〈vˆF Img(r, vˆF , ω˜)〉vF , (2)
where j0 = 4πeN(EF )vFTc and N(EF ) is the density
of states at the Fermi energy, r is the distance from the
boundary surface, 〈...〉vF represents averaging over the
Fermi surface, vˆF = vF /vF is the unit vector along the
direction of the Fermi velocity, and ω˜ = ωn + ipF · vs
represents the Matsubara frequencies under the exter-
nal magnetic field where vs is superfluid velocity and
ωn = πT (2n + 1). In the case when the boundary sur-
face is aligned with the (110) crystallographic direction,
which is true for a twin boundary in YBCO, the normal
component of the Green function at the surface g(0) and
the homogeneous bulk g(∞) are obtained as
g(0) =
ω˜(Ω + Ω)
ΩΩ+ ω˜2 +∆∆
, (3)
g(∞) = ω˜
Ω
. (4)
FIG. 11. Diagram showing the geometry setup of the sample
system. The vertical blue line is the boundary surface, which
is a twin boundary in the YBCO sprial sample. The red lines
are the a and b-axis directions of the sample, which make a
pi/4 angle to the boundary surface. The green arrows show the
direction of an incident (vF ) and reflected (v¯F ) quasi particle
from the Andreev bound state at the surface. The purple
arrow is the direction of superfluid vs driven by the external
RF field. θ (or θ¯) is the angle between vF (or v¯F ) and vs (see
green arcs). χ is the angle between the a-axis direction and
vs. Since vF and v¯F are mirror images of each other through
the boundary surface, [(θ −χ) + (θ¯− χ)]/2 = pi/4. Note that
as one moves around the spiral, the direction of vs changes
but the direction of the twin surface and a,b-axis directions
of the sample do not change.
Here, ∆ = ∆0(T,vs) cos 2(θ − χ) is the angle dependent
order parameter where ∆0(T,vs) is the magnitude of the
order parameter of a bulk dx2−y2 superconductor at tem-
perature T and superfluid velocity vs, which can be ob-
tained by solving the self-consistent gap equation. Here,
as seen in Fig. 11, θ is the angle between vF and the
superfluid velocity vs, and χ is the angle between vs and
the a-axis direction of the YBCO film (or gap antinode
direction equivalently), which will be mapped into po-
sition angle Θ in the spiral (Fig. 1). Ω =
√
ω˜2 +∆2
is the quasi-particle energy spectrum. Note that barred
quantities represent those after reflection from the sur-
face boundary and unbarred quantities represent those
before reflection, which means (θ − χ) + (θ¯ − χ) = π/2.
Therefore,
∆ = ∆0(T,vs) cos 2(π/2− (θ − χ))
= ∆0(T,vs) cos(π − 2(θ − χ)) = −∆,
Ω =
√
ω˜2 +∆
2
=
√
ω˜2 + (−∆)2 = Ω.
(5)
With the Green function presented above, the current
density of the bulk Meissner state jbulk and of the sur-
face Andreev bound state jsurf at various experimental
parameters can be calculated. For a validation of the pre-
sented numerical scheme, its result is compared to the fa-
mous Yip and Saul’s result[1] where they derive a theoret-
ical formula for the superfluid momentum q(= pF vs/∆0)
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FIG. 12. Anisotropy ratio in the bulk Meissner current
density, written as the relative value of jbulk for the an-
gles χ = 0 and pi/4, as a function of superfluid momentum
q = pF vs/∆0. The solid line illustrates Eq. (6) which ig-
nores superfluid momentum dependence of the order param-
eter ∆0 = ∆(T,vs = 0), while the dashed line is the result of
the numerical calculations, which take into account the depen-
dence of ∆0 = ∆(T,vs), demonstrated at low temperature,
T/Tc = 0.05.
dependence of the anisotropy ratio of jbulk, defined as the
relative value of the jbulk for the angles χ = 0 and π/4.
It is given as,
jχ=0bulk − jχ=pi/4bulk
jχ=0bulk
= q
√
2− 1
2
√
2− q . (6)
This is demonstrated in Fig. 12 by the solid line. In spite
of the seemingly large value of this “
√
2-anisotropy”, Eq.
(6) describes only a few-percent change for the relevant
values of q. Note that the respective formulas in Ref. [1]
are obtained in the first approximation on this parameter
q. The result from this theoretical formula Eq. (6) and
the result from our numerical calculation is similar for
small q < 0.3 but starts to deviate from each other for
large q because the result of the numerical calculation
takes into account the superfluid momentum dependence
of the order parameter. Considering the q dependence
of the order parameter, even for higher values of q, the
anisotropy ratio of jbulk does not exceed a ten-percent
limit.[73, 77, 78]
With this validation of our calculation, the
temperature-(T ) and angular-(χ) dependence of jsurf
and jbulk is presented in Fig. 13. As shown in Fig. 13(a),
both of the current components increase in magnitude
as temperature decreases, but the slope of increase for
the case of the current at the surface is much steeper
than that of the bulk current, which implies that the
surface response will play a much more important role in
photoresponse at low temperature. Also, note that the
sign of the surface current and bulk current is opposite,
which implies that the surface current is a paramagnetic
current in contrast to the bulk diamagnetic current.
Also note that, as shown in Fig. 13(b), the anisotropy of
the surface current is much larger than that of the bulk
current.
With a proper weighting factor, the average current
can be calculated. Assuming that the surface param-
agnetic current flows within a depth on the order of the
coherence length and the bulk diamagnetic Meissner cur-
rent flows within a depth on the order of the penetration
depth, and they add linearly, the average current density
in the sample becomes
jave ∼= 1
λ
∫ λ
0
dx
(
jsurfe
−x/ξ0 + jbulke
−x/λ
)
≈ ξ0
λ
jsurf + 0.5jbulk.
(7)
Hence the contribution of the surface current relative to
that of the bulk current is determined by ξ0/λ as a weight
factor. For the case of YBCO, which is a representative
type-II superconductor, this ratio is quite small (ξ0 ∼ 4
nm, λ0 ∼ 160 nm, ξ0/λ0 ∼ 0.025) so the sample gives a
net diamagnetic response.
A. Photoresponse estimate
With these results for the RF field response of the sam-
ple, a model can be introduced to estimate the anisotropy
(angular dependence) and input RF power dependence of
the photoresponse. In this paper, we shall assume that
the photoresponse is entirely inductive in character as a
first step for comparison to data. Under the perturbation
given by laser illumination, the sample response to the
RF field changes, and the inductive component of this
photoresponse (PR) can be estimated as[46]
PR ∼ δf0/f0 ∼ −δW/W, (8)
where W is energy stored in both magnetic fields and ki-
netic energy of the superfluid. Note that the changes
in the field outside the superconducting sample are
marginal for small local perturbations on the sample.
Therefore the contribution of the outside field on the
change in stored energy δW can be ignored and we will fo-
cus on the stored energy inside the sample.[46] Also note
that the resistive component of PR is not discussed here
due to the lack of a microscopic theory which explains
and estimates the dependence of the loss on various ex-
perimental parameters. If the magnetic field imposed at
the surface of the film is B0 and the bulk penetration
depth is λ, the kinetic and magnetic field energy stored
inside the sample in the wide thin film case (t is compa-
rable to λ and st≫ λ2 ) can be calculated as[46][79]
W =
∫
A
da
B20λ
2
µ0t
, (9)
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FIG. 13. (a) Temperature dependence of the current densities
at the surface and the bulk when vs ‖ gap node (χ = pi/4) and
superfluid momentum q = pF vs/∆0 = 0.1. The sign of the
surface current is the opposite to that of the bulk diamagnetic
current which implies the surface current is paramagnetic. (b)
The angular dependence of the current density at the surface,
bulk, and their average when q = 0.2 and T/Tc = 0.05. Inset
is a close-up plot of average current density vs. χ.
where t ∼ 300 nm is the thickness of the sample, s ∼
10 µm is the width of the film (spiral arm), µ0 is the
permeability of free space, and A is area of the surface
of the spiral. This area integral will be ignored below
since we are interested in the angular (χ) and superfluid
momentum (q, or PRF equivalently) dependence of the
perturbation on the local stored energy, so it is sufficient
to just discuss stored energy per unit area, which we
denote as w = B20λ
2/µ0t.
However, when there is a twin domain boundary within
the sample, it hosts a paramagnetic surface current
(Ksurf = |jsurf ξ0|) at that interface and the part of
the sample nearby the twin boundary experiences an en-
hanced magnetic field (Bs0 = B0 + µ0Ksurf ). We intro-
duce a paramagnetic weighting factor p which reflects the
portion of the sample that experiences an enhanced field
Bs0. This parameter is different for each sample depend-
ing on its twin density. With this parameter introduced,
the averaged magnetic field experienced by the sample,
corresponding stored energy, and change in stored en-
ergy per unit area due to the external perturbation can
be written as
B2ave = (1 − p)B20 + pB2s0, (10)
w = B2aveλ
2/µ0t, (11)
δw =
2pBs0λ
2
t
δKsurf +
2B2ave
µ0t
λδλ. (12)
The first term in Eq. (12) shows the contribution to non-
linear response from the surface current in an Andreev
bound state (ABS) and the second term shows that from
bulk current due to the nonlinear Meissner effect.
To estimate the photoresponse, one needs to know
Ksurf and jbulk (which in turn gives an estimation for
λ). We have already derived expression for those quanti-
ties through Eqs. (2-5) for the sample geometry in Fig.
11. Once the surface (Ksurf ) and bulk (jbulk) current
densities are calculated from the Green function, one
can expand them in terms of the superfluid momentum
(q = pF vs/∆0(0, 0)) in the regime of q ≪ T/∆0[78]
Ksurf (T, q) = j0ξ0
(
αsurfq − βsurf q3 + · · ·
)
, (13)
jbulk(T, q) = j0
(
αbulkq − βbulkq3 + · · ·
)
, (14)
λ2(T, q) = λ2(T )
(
1 + bχ(j/jc)
2 + · · · ) , (15)
where βsurf is the surface ABS nonlinear coefficient, bχ =
βbulk/α
3
bulk is the bulk nonlinear Meissner coefficient[5,
38, 78], and jc is the critical current density at T = 0
K. Under illumination by a modulated scanning laser
beam, these quantities are modulated (δKsurf ,δλ in Eq.
(12)). The previous experimental study[26] on the tem-
perature dependence of the photoresponse and the the-
oretical study[38] on the nonlinear Meissner coefficient
are consistent with a model which attributes PR to the
modulation in the nonlinear terms in the above expan-
sion (Eqs. (13-15)). This means δKsurf ∼ −δβsurfq3,
δ(λ2) ∼ λ2(T )δbχ(j/jc)2. Then δw, which accounts for
PR, becomes
δw ∼ −2pBs0λ
2
t
δβsurfq
3 +
B2aveλ
2
µ0t
δbχ(j/jc)
2. (16)
Here, the first term represents photoresponse from para-
magnetic current in surface Andreev bound states and
the second term represents that from diamagnetic Meiss-
ner current in the bulk. Note that their signs are opposite
so they compete with each other. Also, δβsurf (T ) which
governs the temperature dependence of the surface re-
sponse shows ∼ 1/T 4 behavior and δbχ(T ) which governs
that of the bulk response shows ∼ 1/T 2 behavior.[37, 38]
Hence at low temperature the surface response dominates
and at high temperature the bulk response dominates.
Also note that surface ABS PR shows a larger contribu-
tion when vs ‖ gap antinode (χ = 0) and bulk nonlinear
Meissner effect PR shows a larger contribution when vs ‖
gap node (χ = π/4)[26]. Therefore as the temperature
of the sample decreases, a π/4 angle rotation of the PR
image can be observed as seen from Fig. 3(d)-(e) and one
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can define a PR crossover temperature Tcross as the tem-
perature where the surface response dominant antinodal
PR (χ = 0) starts to be larger than the bulk response
dominant nodal PR (χ = π/4) below that temperature.
Thus, from the angular dependence of PR, one can tell
which response dominates for a given experimental con-
dition.
IV. COMPARISON OF DATA AND THEORY
AND DISCUSSION
With Eqs. (8),(16), the input RF power (PRF ) depen-
dence and the angular dependence (χ) of the photore-
sponse at representative PRF is calculated and compared
to those from experiment as shown in Fig. 14(a),(b).
Here, the thickness of the film t is 300 nm. The zero
current penetration depth λ(T ) which gives temperature
dependence in Eq. (15) is obtained from λ2(T )/λ20 =
n/ns(T ) = 1/αbulk[7] with λ0 = 160 nm[80]. Note that
αbulk for the clean limit is used here. The nonlinear co-
efficients βsurf , βbulk (and hence bχ) are obtained by cal-
culating the third order derivatives of Ksurf , jbulk with
respect to q:
βbulk(T, χ) = − T
2πTc
∑
ωn>0
∫ pi/2
−pi/2
dθ
∆2(4ω2n −∆2)
(ω2n +∆
2)7/2
∆30(0, 0) cos
4 θ
βsurf (T, χ) = − T
2πTc
∑
ωn>0
∫ pi/2
−pi/2
dθ
∆2(4ω4n + 5ω
2
n∆
2 + 2∆4)
ω4n(ω
2
n +∆
2)5/2
∆30(0, 0) cos
4 θ
(17)
The modulation in βsurf (T ), bχ(T ) is estimated by
δβsurf = ∂βsurf/∂T ×δT and δbχ = ∂bχ/∂T ×δT . Since
δT is independent of PRF and χ, it is set to be a propor-
tionality constant. PRF is assumed to be proportional to
q2, which is true for the low PRF regime where the ex-
ternal magnetic field does not activate a defect hotspot
response.[39, 44] This threshold PRF for hotspot acti-
vation is ∼ −12 dBm in our experimental setup as seen
from Fig. 7(a). For the spiral sample tested here, the PR
crossover temperature Tcross where antinodal PR (χ = 0)
becomes larger than nodal PR (χ = π/4) is ∼ 5.6 K. The
PRF and χ dependence of PR are measured well below
this temperature (T = 3 K, 4.8 K) where the surface
response dominates the total PR. For direct comparison
between experiment and theory, PR is theoretically cal-
culated with the choice of the paramagnetic weight factor
p = 0.015 in order to give similar Tcross ∼ 0.057Tc as the
experimental value, and the PRF and χ dependence of
PR is estimated at about half of the PR crossover tem-
perature T = 0.025Tc ∼ Tcross/2 which again ensures the
surface PR dominates.
FIG. 14. (a) Input RF power (PRF ) dependence of total (sur-
face+bulk) PR when vs ‖ gap antinode (χ = 0) and vs ‖
gap node (χ = pi/4). The solid lines are the theoretical es-
timation with the paramagnetic weight factor p = 0.015 at
T = 0.025Tc and the dotted lines are the experimental data
at T = 3 K where both temperatures are in the surface re-
sponse dominant regime. Here, theoretically estimated PR
is calculated in arbitrary units. To focus on comparison of
the PRF dependence and anisotropy between the antinodal
and nodal PR from the theory and experiment, PR from the
theory is re-scaled so that the value of the theoretical and
experimental PR in the gap antinodal direction at PRF = 5
µW are the same. (b) The angular (χ) dependence plot of
PR at various PRF shows a 4-fold symmetric pattern which
reflects the anisotropic ABS response of the sample. Solid
lines are the theoretical estimation curves at T = 0.025Tc
and dotted lines are fitted curves from the experimental data
at T = 4.8 K from Fig. 6. Again, the same normalization
scheme as (a) is used here. PR from the theory is re-scaled
so that PR at χ = 0, PRF = −12 dBm is set to be the same
as the experimental value.
As seen from Fig. 14(a), in the theoretical estimation,
PR increases as PRF increases since larger external field
drives larger superfluid momentum q. Also, antinodal
(χ = 0) PR is larger than nodal (χ = π/4) PR, which is
expected for the surface ABS response dominant regime.
The anisotropy between antinodal and nodal PR remains
about the same throughout the whole PRF range where
the PR is estimated. Note that these estimated behav-
iors of the PRF dependence agree well with those of the
experimental data plotted together in Fig. 14(a).
As presented in Fig. 14(b), the theoretical angular de-
14
pendence of PR shows a 4-fold symmetric pattern which
is a signature of the ABS anisotropy. Again, the theo-
retical and experimental angular dependence agree with
each other for most of the PRF except for the lowest PRF
case (-18 dBm). The minor deviation between experi-
ment and theory is due to the nonlinear response of the
microwave detector diode at low PRF . The fact that the
PRF and angular dependence results from the presented
theoretical estimation are in good agreement with the ex-
perimental data confirms that the microscopic model is
consistent with the measured photoresponse, and espe-
cially, is valid to predict the response from surface An-
dreev bound states under microwave excitation.
Throughout this section, the crossover behavior of the
surface ABS response and the bulk Meissner response
are theoretically described and the PRF and angular de-
pendence of PR is estimated only in terms of the stored
energy. As a further extension of this work, it will be im-
portant to experimentally measure the PRF dependence
of the quality factor Q of the sample and expand the
current microscopic theory to understand the loss mech-
anisms in the ABS. With this detailed understanding, a
proper description of the resistive photoresponse can also
be obtained.
V. CONCLUSIONS
Making use of the rf resonant technique combined with
laser scanning microscopy allows one to visualize the
anisotropy of the paramagnetic nonlinear Meissner re-
sponse from the surface ABS. This image gives crucial
information to help determine the gap nodal structure.
At low temperature, this gap nodal spectroscopy using
ABS response creates a clear anisotropic image for nodal
superconductors compared to that arising from the bulk
diamagnetic response. A theory correctly describes the
observed anisotropy and RF power dependence of the
ABS photoresponse.
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